We have used high-pressure freezing techniques to study exocytosis in rat anterior pituitary cells. The cells were either unstimulated or exposed to 1 nM growth hormone releasing factor (GRF) for 10 min before ultrarapid freezing. The magnitude of growth hormone (GH) release was then correlated with the number of exocytotic events observed with freezefracture electron microscopy.
Introduction
Anterior pituitary cells belong to a broad category of secretory cells that store their specific secretory products (hormones) in secretory granules and release them by exocytosis. In general terms, the exocytotic process involves apposition of the secretion vesicle against the plasma membrane, initiation of fusion of the secretion vesicle with the plasmna membrane, formation ofa membrane continuum, and release ofthe granule contents into the extracellular space. Although both the biochemistry and morphology ofexocytosis have been studied extensively in separate studies, the quantitative relationship between these processes has proven difficult to establish.
Until recently, a major problem in obtaining a quantitative correlation has been the lack of appropriate methodology for rapid fixation. Introduction of new technologies based on ultrarapid freezing of cells and tissues has resulted in a critical reevaluation of various aspects ofthe exocytotic process (1) (2) (3) (4) (5) . These studies have revealed that ultrarapid freezing can reproducibly arrest transient stages ofthe exocytotic process without introducing many of the artifacts seen in samples exposed to chemical fixatives and/or cryoprotectants (6, 7) . Thus, rapid freezing combined with freeze-fracture electron microscopy has allowed correlation of the biochemistry and morphology of exocytosis in neuromuscular junctions and chromaffin cells (3, 5) . Other endocrine tissues, pituitary cells in particular, have not been examined with these new techniques. Pituitary cells with their peculiar sensitivity and responsiveness to both releasing and inhibitory hypothalamic factors (8, 9 ) offer a unique model for studying exocytosis.
In the present study, we have applied high-pressure freezing and freeze-fracture techniques to study exocytosis in normal anterior pituitary cells. Growth hormone releasing factor (GRF)' was used to stimulate growth hormone (GH) release, and somatostatin (SRIF) was used to specifically counteract GRF-induced exocytosis. In addition, some experiments were conducted in the presence of sodium isethionate (NaIs) which, when substituted for sodium chloride, nonspecifically inhibits exocytosis in various endocrine cells (10) (11) (12) 100 U penicillin/ml, and 100 Ag streptomycin/ml (pH 7.4). The culture medium was DME supplemented with 10% fetal bovine serum, 0.1 mM MEM nonessential amino acids, and antibiotics (100 U penicillin/ml, 100 ug streptomycin/ml, and 2.5 Ag amphotericin B/ml).
Pituitary glands were obtained from Sprague-Dawley, male rats (225-275 g) and placed in HBSS (13) . The anterior lobes were cut into small fragments that were washed twice with 5 ml of HBSS. Digestion was performed with enzymes dissolved in HBSS containing 15 mM Hepes and 1.0% BSA. After initial digestion for 25 min at 37°C with trypsin (10,000 BAEE U/ml) and deoxyribonuclease (DNase, 50 Kunitz U/ml), 0.5 ml of enzyme solution per pituitary gland. The tissue-enzyme mixture was diluted with 3 vol HBSS and centrifuged at 600 g for 5 min at room temperature. The supernatant was discarded and the tissue was digested for 15 min at 37°C with 0.15% pancreatin and DNase (50 U/mI). The tissue-enzyme mixture was diluted and centrifuged as above and the supernatant discarded. The tissue fragments were broken up by trituration through Pasteur pipettes in DNase (150 U/ml). After diluting and centrifuging the cell-DNase suspension, the cell pellet was suspended in culture medium and filtered through three layers of polyester screen, 240 mesh. The resulting suspension consisted of single cells with a viability of 95% (trypan blue exclusion) and the yield was 2.5-3 X 106 cells per pituitary.
The cells (l X 106 cells/ml) were cultured at 37°C in 12 X 75 mm sterile polypropylene tubes to which they did not attach. After 24-48 h in culture the cells from 4-8 pituitaries were centrifuged; resuspended in HBSS, pH 7.4; supplemented with 1.26 mM CaCl2. 2H20, 0.49 mM MgCl2* 6H20, 0.41 mM MgSO4* 7H20, 0.5% BSA, and 5.0 mM glucose; and placed on ice until used.
In preparation for high-pressure cryofixation, 100 Al (1 X 106 cells) of the cell suspension was removed and warmed to 37°C for 30 min. The cells were centrifuged at 1,470 g for 5 min, resuspended in the same buffer containing 17% dextran (10,000 mol wt), and incubated for 5 min at 37°C. When the cells were stimulated with GRF (10-9 M), it was included with the dextran. The cells were then recentrifuged (5 min at 1,470 g), the supernatant was removed and frozen (-70°C) for the assay of hormone content, and the cell pellet was resuspended in the residual buffer (5-10 AI). The cells were maintained at 37°C and loaded to the specimen holders for high-pressure freezing, as described below.
In studies with the inhibitors ofexocytosis, SRIF and NaIs, the cells were exposed to the inhibitor for 10 min at 37°C before removing the initial 100 IO sample.
Ultra-rapid, high-pressurefreezing. The design ofthe high-pressure freezing apparatus and its operation have been recently reviewed by Gilkey and Staehelin (6) . The cells were loaded by micropipette into specially designed, interlocking gold specimen cups (14) and frozen at high pressure using an HPMO10 (Balzers, Hudson, NH). The time between removal ofthe cells from the incubation medium and freezing in the apparatus varied between 30 and 60 s. Samples that took more than 1 min to mount were discarded. Once loaded in the freezing chamber, freezing to below -50°C was accomplished in < 10 ms at 2,100 bars. After freezing to -1 50°C, the specimens were always kept below -100°C during the separation of the specimen holders, storage, and subsequent handling for freeze-fracture replication or freeze-substitution.
Conventionalfixation, cryoprotection, andfreezing. The freezing of glutaraldehyde-fixed cells cryoprotected with glycerol was accomplished by conventional methods (15) . The Freeze-fracture replication. Standard freeze-fracture procedures were employed for the preparation of fiveze-fracture replicas (15) (16) (17) . The fracturing and replication were performed at a temperature of -106°C and a vacuum of < 2 X 10-6 Torr in a 360-M freeze etch device (Balzers).
The replica was recovered by immersing the replicated frozen specimen in 5 ml of a viscous solution of 16% KOH in methanol at -80°C and allowing the specimen to slowly thaw as the KOH-methanol solution warmed to room temperature. This provided for the gradual evolution of gas from the specimen which, with rapid thawing, usually led to fragmentation of the replica.
The methanolic KOH was gradually replaced with distilled water, the tissue was digested with 70% H2SO4 at 60°C for 90 min, and the replica was washed with water and mounted on a 400 mesh hexagonal grid without a supporting film. The with the amount of hormone in the cell supernatant measured by radioimmunoassay.
Freeze substitution. The water of the frozen specimen was substituted with methanol containing 1% OS04, 3% glutaraldehyde, 0.5% uranylacetate, and 3% water (18) . 5 ml of the above substitution medium in a plastic scintillation vial was frozen with liquid N2. The frozen specimen, still in the bottom half of its freezing container, was placed specimen side up on the surface of the frozen substitution medium, and the vial was immersed in a beaker containing 200 ml of liquid N2. The beaker was placed in a styrofoam box containing dry ice, and the specimen was allowed to come to room temperature in 3 d. After an additional hour at room temperature, the specimen was removed from the gold holder, the methanol was replaced with anhydrous acetone, and the specimen was embedded in Spurr's plastic.
Results
Our initial experiments were designed to assess the magnitude of GH release under basal and stimulatory conditions in the absence and in the presence of two inhibitors of exocytosis, specifically, SRIF and NaIs. The exposure of anterior pituitary cells to 1 nM GRF resulted in a rapid increase in GH release (Table I) . It went from 236±12 ng/10 min to 1,458±124 ng/10 min, P < 0.001. SRIF, a specific inhibitor of both basal and GRF-induced GH release (9), reduced basal GH output to 150±8 ng/10 min and completely eliminated GRF-induced exocytotic GH release (130±10 ng/10 min). The action of SRIF was dose-dependent, with IC50 observed at a concentration of 5 X 10-11 M for both basal and GRF-induced GH release. The maximal effect of SRIF was seen at a concentration of l0-' M.
In parallel experiments, anterior pituitary cells were incubated with and without GRF in the presence of NaIs. Isethionate is an impermeant anion that, when substituted for chloride, inhibits exocytotic hormone release. Its action is nonspecific and has been demonstrated in numerous endocrine tissues (10) (11) (12) . NaIs exerted only a minimal effect on basal GH release (a decrease from 236±12 ng/10 min to 185±15 ng/10 min, P < 0.05), but significantly reduced GRF-induced exocytotic release of GH from 1,458±124 ng/10 min to 356±31 ng/10 min (P < 0.001).
The cells from these experiments (control, SRIF-treated, and NaIs-treated) were rapidly frozen under high pressure for the morphological examination and quantitation of exocytosis.
Figs. [1] [2] [3] [4] illustrate the morphology of anterior pituitary cells ultrarapidly frozen under high pressure. Fig. 1 is a freezefracture replica of a cross-fractured pituitary cell. The smooth, turgid appearance of the plasma, nuclear, and vesicle membranes on this and subsequent micrographs of high-pressure frozen cells is indicative ofexcellent freezing with no ice crystal damage.
The intricate configuration of the Golgi apparatus as preserved by high pressure-freezing is revealed in Fig. 2 A, which is a thin section image of a freeze-substituted cell. When com- . The excellent quality of the freezing and structural preservation is evidenced by the smoothness of the membranes, particularly the plasma membrane. The nucleoplasm, which is particularly prone to the formation of ice crystals, also exhibits a very fine texture indicating a lack of ice crystal formation. The pared to the Golgi of a conventionally fixed and thin-sectioned sample (Fig. 2 B) , it is apparent that the Golgi cisternae of specimens prepared by high-pressure freezing are not as dilated or swollen as those of glutaraldehyde-fixed cells, and that they are also surrounded by many more very small vesicles. A comparison ofFigs. 2 A and B also indicates a greater retention of cytoplasmic ground substance and a much more defined distribution of organelles with specific dimensions and morphologies in high-pressure frozen and freeze-substituted specimens.
Rare views of cross-fractured vesicles captured in the process of exocytosis by high-pressure freezing are illustrated in Figs. 3 A and B, with the earliest stage shown in Fig. 3 A and a latter stage at Fig. 3 B. Fig. 4 A shows a PF view of the plasma membrane of a pituitary cell treated with 1 nM GRF for 10 min and rapidly frozen under high pressure. Note the smooth appearance of the plasma membrane, the random distribution of IMPs, and the distinct configurations ofthe secretory vesicle fusion/discharge sites. These rapidly frozen cells also lack any evidence of clearing of IMPs in regions of possible sites of exocytosis as is typically observed in glutaraldehyde-fixed and glycerinated samples (Fig. 4 B) . Thus, our micrographs of high-pressure frozen cells support previous observations made from other types of ultrarapidly frozen secretory cells that IMP clearing at the site of exocytosis ( 19) is not an obligatory early stage of exocytosis, and that particle clearing (Fig. 4 B) is an artifact of conventional fixation/glycerination specimen preparation methods (1) (2) (3) (4) (5) 20) .
The numbering shown in Fig. 4 A points out various stages of exocytosis, including the formation of exocytotic pores and the integration of the vesicle membrane into the plasma membrane. Configuration I illustrates the smallest observable membrane alteration, possibly the initial fusion pore. Configuration 6 illustrates possibly the latest stage of integration of vesicle membrane seen in this micrograph. The flatter membrane depressions (configuration 6), postulated to be later stages of membrane integration, are characterized by the presence of larger than average and uniformly sized PF IMPs that are typical of secretion vesicles (compare Figs. 3 A and 4 A) . Similar membrane configurations can also be discerned in Fig.  5 , which depicts an EF view of the plasma membrane of a pituitary cell. Also seen in Fig. 5 is a typical tight junction network that is retained by these cells during their isolation and culture.
To quantitate the morphological events associated with exocytosis, we have compared en face views offreeze-fractured plasma membranes from stimulated and nonstimulated cells. Both PF and EF plasma membrane faces were included in the quantitation and were exploited for the interpretation of exocytotic events. In PF views, the membrane features counted as presumptive exocytotic or endocytotic events in each photograph were identified as small dimples (10-200 nm diam). One characteristic class of membrane configurations included depressions with a central region free of IMPs, representing the contents of the secretory granule. A second class consisted of shallow pits containing only large PF IMPs similar to those of secretory granules (see Fig. 4 A for example). The second class may represent the terminal stages of exocytosis or sites of incipient endocytosis (21, 22) .
In EF views of the plasma membrane, exocytotic pores usually appear as round stalks or small volcano-like configurations (Fig. 5) , which may or may not be transversely fractured. were counted and morphometric analysis was then performed to measure the surface area in the counted membrane region. The number of exocytotic events observed in these photographs is expressed /100 ,um2 of area of plasma membrane.
The data from 89 control (unstimulated) and 84 GRFstimulated cells (Fig. 6) revealed that the cells can be arbitrarily divided into three subgroups. In the group of unstimulated cells, the first subgroup (n = 48, 54%) exhibited no exocytotic events. The second subgroup (n = 27, 30%) showed 5-25 exocytotic events /100 ,um2 cell surface ("slow-secreting" cells), whereas the third and smallest subgroup (n = 14, 16%) posdocytotic events is discussed in the text.) These putative final membrane depressions are characterized by IMPs of a size characteristic of those of secretion vesicles (Fig. 3 A) . Note After the cells were challenged with I nM GRF, the composition of these three subgroups changed: 14% (12 cells) exhibited no obvious exocytotic events, 27% of the cells (n = 23) revealed low numbers of exocytotic events (5-25 events /100 zIm2 cell surface), and 56% of the cells (n = 45) possessed high numbers of exocytotic events (> 25 events /100 AIm2 cell surface). These morphological findings are consistent with the presence of -50% of GRF responsive cells in the primary culture of anterior pituitary cells (23). The results of the parallel determinations of GH release and morphological evidence for exocytosis are summarized in Fig. 7 . We have observed approximately a 3.3-fold difference in the number of exocytotic events between GRF-stimulated (33.7 events /100 ,um2) and unstimulated cells (10.4 events /100 um2). This correlates remarkably well with the biochemical data which demonstrated a 5-6-fold increase in GH secretion. Both inhibitors of exocytosis completely eliminated the GRF-induced increase in the number of morphologically identifiable exocytotic events (Fig. 8) . In the presence of either SRIF or NaIs, we observed no difference in the number of exocytotic events between unstimulated and GRF-stimulated cells.
Discussion
The two main goals of this study were: (a) to evaluate the potential of high-pressure freezing for studying transient changes in the plasma membrane of anterior pituitary cells associated with exocytosis, and (b) to obtain a quantitative correlation between the amount of secretion as measured by biochemical techniques and the number of exocytotic events associated with a given rate of secretion controlled by specific releasing and inhibitory factors.
The theory and technique of high-pressure freezing have been recently reviewed by Gilkey and Staehelin (6) . Like all ultrarapid freezing techniques currently employed for the preservation of cellular ultrastructure, high-pressure freezing is capable of stabilizing biological specimens two orders of magnitude faster than even the very best chemical fixatives, thereby providing researchers the opportunity for studying transient cellular phenomena more accurately. The advantage of highpressure freezing over slam-freezing and propane-jet freezing techniques is that it permits vitrification of samples up to 0.6 mm thick, vs. a maximum depth ofgood freezing of40 ,m for specimens frozen under atmospheric conditions. Previous studies of high-pressure frozen nerve (24) , liver (25) , cartilage (26) , and root tip (27) 6-8, the rapid rate of tissue stabilization that can be achieved with high-pressure freezing, and the excellent structural preservation of anterior pituitary cells, opens up the possibility of correlating structural and biochemical parameters of secretion in these cells. Comparable correlative studies of secretion have previously been reported for neuro-muscular junctions (3) and for chromaffin cells (5) . However, in both of these systems only the effects of stimulatory conditions were investigated. The present study covers both stimulatory and inhibitory conditions ofsecretion. As seen in Fig. 7 , the number ofpostulated exocytotic figures rises and falls in parallel with the amount of product that is secreted, close to a fivefold increase in secreted and chromaffin cell studies listed above (3, 5) . These studies reported that vesicle-mediated secretion involves the quantal discharge of secretory products, thus leading to a linear relationship between number of secretory events and amount of secretion.
It should be noted that some limitations still apply to the current study. Thus, the pituitary gland is a heterogeneous tissue comprised of various types of secretory cells, some of which are clearly not responsive to GRF. The 
